Separated carbon nanotubes as transparent conductors 
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We report wide-range optical investigations on transparent conducting networks made 
from separated (semiconducting, metallic) and reference (mixed) single- walled carbon 
nanotubes, complemented by transport measurements, focusing on the problem how 
transparency and conductivity can be improved at the same time. We find that HNO3 
doping offers a larger improvement in transparent conductive quality than separation. 
Spontaneous dedoping occurs in all samples but is most effective in films made of 
doped metallic tubes, where the sheet conductance returns close to its original value 
within 24 hours. 
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One of the most promising applications of carbon-based new materials like carbon nan- 
otubes or graphene is the area of transparent conducting layers. ^'^ Carbon-based materials 
have many advantages over widely used oxides like indium tin oxide (ITO) in terms of better 
flexibility and no toxicity; however, their basic optical and electrical properties did not reach 
those of conventional transparent conductors so far. The field has been broadened recently 
by the possibility of separating nanotubes by electronic type.^'^ By this method, not only 
highly enriched semiconducting or metallic networks can be prepared, but also extremely 
purified mixed samples.^ 

In this paper, we study the effect of doping on the transparent and conducting properties 
of separated metallic and semiconducting single-walled nanotube (SWNT) films and compare 
it to that of an ultrahigh purity reference sample. We use mild p-doping by nitric acid vapor 
at room temperature in order to avoid chemical reactions at defects.^ As this procedure 
is shown to result in a doped state unstable over time, it is only regarded as a proof-of- 
concept experiment. Nevertheless, two important questions can be addressed: 1. if we find 
a stable doping method, which kind of tubes should be used to obtain the best transparent 
conducting properties; 2. if stability is required over optimal conducting properties, which 
kind is the most stable against accidental doping? We find the answer by comparing optical 
transmittance and dc conductivity measurements on all three kinds of samples. 

We used very high purity SWNT samples commercialized by Nanolntegris.^ Starting 
material was arc-discharge P2 by CarbonSolutions.''' Separation of the nanotubes was per- 
formed by density gradient ultracentrifugation (DGU),"^ resulting in separated metallic and 
semiconducting samples with 95% purity, and a mixed (reference) sample with 99% SWNT 
content. For the latter, we assume a composition of 1/3 metallic and 2/3 semiconducting 
tubes. (The fact that all three samples underwent identical treatment starting from the 
original P2 material ensures that extrinsic factors due to sonication and other steps do not 
influence the comparison. These effects were extensively discussed in Ref. 8.) The mean 
diameter of the nanotubes is 1.4 nm and their length varies from 100 nm to 4 fim. From 
the aqueous suspensions of surfactant-covered nanotubes we have prepared samples of dif- 
ferent thickness using vacuum filtration^ through an acetone soluble filter. The thickness 
of the films was controlled by the applied amount of solution. These layers (three of each 
sample, differing in thickness) were subsequently relocated over a 1 cm x 1 cm x 1 mm 
quartz (suprasil) substrate. To remove any remnant of the solvent and traces of accidental 
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atmospheric doping, the samples were annealed at 200°C for 13h. 

Self-supporting thin films were prepared by stretching the nanotube layer over a hole 
created in a graphite disk. Using this kind of samples enables us to measure transmission 
without the perturbation caused by substrates and to calculate easily the optical functions 
from transmission.^*^ 

Doping of the films was performed by subjecting them to nitric acid vapor overnight 
at room temperature. This mild treatment causes hole doping in the vr-electron system/^ 
without affecting the a- framework by carboxylic group addition.^ 

Wide range (far-infrared through ultraviolet) optical measurements were performed on 
the self-supporting nanotube networks using the following spectrometers: a Bruker IFS 
66v/S Fourier-transform (FTIR) interferometer for the far-infrared (FIR) and mid-infrared 
(MIR) range, a Bruker Tensor 37 FTIR in the near infrared (NIR), and an Ocean Optics 
QE65000 instrument for the ultraviolet-visible (UV-VIS) region. In the case of samples on 
quartz substrate, only data from the UV-VIS range were collected to obtain the transmission 
value at 550 nm (18180 cm~^). 

For each nanotube network on the quartz substrate, we measured the four-point resistivity 
using a Keithley 192 digital multimeter, and calculated their sheet resistivity (-Rn) applying 
the van der Pauw formula. Small dots of colloidal silver were used for contacting the 
samples. All measurements were performed at room temperature. 

Thickness of the self-supporting films was measured by atomic force microscopy follow- 
ing the procedure described in Ref. 13. From the thickness and the spectra of each type of 
network, we determined the absorption coefficient at 550 nm and used these values to esti- 
mate the thickness of the samples used for resistivity, in order to determine the conductivity 
values. The absorption coefficients measured on the undoped samples are 3.39- 10^ cm~^ 
(R), 3.85- 10^ cm~^ (S), and 2.36- 10^ cm~^ (M), respectively. These values compare very 
well with those measured earlier on laser- ablated films prepared by the same procedure. 

Transmission spectra of self-supporting thin films of the mixed and separated nanotubes 
before and after doping are shown in Fig. 1. These wide-range spectra show that separa- 
tion is effective: in the semiconducting sample the Sn and S22 transitions are very intense, 
while the Mn transition can hardly be seen; in the case of the metallic sample the intensity 
of the Mil transition is high and the peaks representing the transitions of semiconducting 
nanotubes are weak. Doping has the largest noticeable effect on the reference and semi- 
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FIG. 1. Frequency-dependent transmission spectra of self-supporting thin films in the FIR/UV 
range for metallic (M), semiconducting (S) and mixed reference (R) samples before (dark color) 
and after p-doping (light color). Solid black bars mark the first two semiconducting (Sn and S22) 
and the first metallic (Mn) transition between Van Hove singularities; red dashed bar indicates 
the frequency corresponding to 550 nm wavelength. 

conducting samples showing an increase of transmittance in the near infrared. The disap- 
pearance of the first and second Van Hove singularities proves the high p-doping efficiency. 
(The appearance of the new transmission minimum between Sn and S22 is most probably 
originating in excitonic effects^^ and will be discussed elsewhere.) In addition, in all three 
samples the far-infrared transmission is decreasing, due to the free carriers introduced by 
doping. 

For comparison of the transparent nanotube networks, we applied a recently introduced 
figure of merit, which is the inverse of that given by Jain and Kulshreshtha.^^ This value is 
analogous to that defined by Gordon^® but contains the transmission at a single wavelength 
instead of the integrated visible transmission, and similar to $j in Ref. 19. Fig. 2 shows the 
dc sheet conductance Sn as a function of optical density {-log T) at 550 nm, the wavelength 
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FIG. 2. dc sheet conductance So vs optical density (-log T) at 550 nm for the metallic, semi- 
conducting and mixed reference SWNT thin films after annealing and doping, respectively. The 
shaded area represents the application region of ITO. 

of choice for solar cell applications. Due to the fact that both the optical density and sheet 
conductivity are proportional to the thickness of the film, for each sample the measured 
values can be fitted with a linear function and the determination of the thickness is not 
necessary. Higher slope of this line indicates better quality of the film as a transparent 
conductor. The shaded area represents the region of ITO layers already used in technological 
applications (sheet resistance Rn < 140 Q/O, T > 0.7).'^ Extrapolating the values to lower 
thickness (dashed lines in Fig. 2) indicates that both the doped reference sample and the 
doped semiconducting sample reach the minimum parameters of the ITO region, while the 
doped metallic one barely misses it. 

Figure 2 shows that doping causes the conductivity to increase in all samples, but the 
relative increase is different depending on electronic structure. At the chosen wavelength of 
550 nm, the increase in slope of the lines in Fig. 2, therefore the increased performance as 
transparent conductor, is determined by the change in conductivity rather than absorbance. 
From the optical density values in Fig. 2, a change within 15 per cent in absorbance 
can be deduced. In the near infrared, however, the transmittivity of the samples with 
substantial semiconductor content rises dramatically (Fig. 1). This means that for near- 
infrared applications, carbon nanotubes would be even more hopeful than for visible ones, 
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TABLE I. Conductivity data for metallic, semiconducting and reference films. 
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however, for the general discussion and comparison with other works we concentrate here 
on the 550 nm data. Conductivity data are summarized in Table I. These data show 
that the highest relative increase (12.8 - 17.5) is observed for the semiconducting sample, 
followed by the reference (7 - 10.9) while the lowest increase is shown by the metallic tubes 
(1.5 - 2.2). (The thickness dependence of the conductivity enhancement is related to the 
percolation nature of conductance in the films. ^^'^'^) In absolute values, the doped reference 
sample gives the highest sheet conductivity. Miyata et al.^^ performed sulfuric acid doping 
on laser ablated metallic and reference nanotube samples. They obtain a sheet conductance 
enhancement of 1.58 for their metallic and 19.8 for the reference sample. Comparing those 
with our numbers above and taking into account the difference in both starting material 
and doping agent, we find the agreement remarkable. 

Conductivity of a nanotube network is determined by two factors: the intrinsic properties 
of the tubes themselves and the contacts between them.®'^^ Miyata et al.^^ explained the 
selective conductivity enhancement by the differences in the electronic density of states of 
metallic and semiconducting tubes and their change upon doping. The intrinsic frequency- 
dependent conductivity can be calculated from the wide-range spectra and the thickness 
of the films by Kramers- Kronig transformation of the transmittance^^'^^ and is shown in 
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FIG. 3. Frequency-dependent optical conductivity of doped and undoped nanotube films. The 
color code is the same as in Fig. 1. Note the logarithmic frequency scale. Squares with error bars 
represent measured dc conductivity values derived from Fig. 2 as discussed in the text. 

Fig. 3. The most striking difference (apart from the Van Hove transitions) appears below 
2000 cm~^: all doped samples have a strong Drude contribution to the optical conductivity 
and therefore can be considered metals. For comparison we also show the dc conductivity 
of the samples shown in Fig. 2 obtained by averaging the respective data shown in Table 
1. The low- frequency conductivity shows qualitative agreement with that obtained from 
the transport measurements, with the latter being consistently lower, as expected for a 
heterogeneous structure involving contacts. We regard this behavior as compelling evidence 
for the electronic structure of the nanotubes being mostly responsible for the conductivity 
enhancement upon doping,^^ with contact effects playing a secondary role. A further detailed 
analysis of these spectroscopic results will be published elsewhere. 

Intertube connections have been studied on systems built from individual nanotubes^^ 
with the result that the resistivity of junctions between semiconducting and metallic nan- 
otubes - which creates a Schottky barrier - is two orders of magnitude higher than the 
resistivity between tubes of the same electronic type. It follows that doping of a system 
where both metallic and semiconducting tubes occur, will result in dramatic decrease of 
intertube resistivity. If intertube connections dominated during doping, the effect for the 
reference sample would be much larger in the transport than in the optical data. Since our 
observations point to rather the opposite, we conclude that although intertube connections 
are important, they do not dominate transport properties of high-quality nanotube networks 
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FIG. 4. Time dependence of the sheet conductivity of metalhc, semiconducting and reference 
samples after doping with nitric acid. Data have been scaled to the sheet conductivity value at 
60 minutes after removal from nitric acid vapor. The dashed lines indicate the sheet conductivity 
of the undoped films. The samples numbered A', B' and C, respectively, increase in thickness in 
that order. 



as these. 

The most common practical problem with gas-phase doping is its reversibility, i.e. the 
dedoping process which usually starts as soon as the doping agent is removed. Indirectly, 
this effect is seen in Fig. 3 where the error bars in the dc conductivity of the doped samples 
are significantly larger than those for the undoped samples. We have followed the dedoping 
process by measuring the sheet conductance for 24 hours after removing the samples from 
the nitric acid vapor. Figure 4 shows these curves for a set of nine samples similar to those in 
Fig. 2. The values before doping (relative to the as-doped state) are shown as dashed lines 
on each plot. All three types of samples show a behavior tending towards saturation which 
can be described by the sum of two exponential functions of time, but the parameters do 
not seem to have real physical significance and therefore we do not discuss them here. The 
most striking feature of Fig. 4 is that contrary to the semiconducting and mixed samples, 
which approach a much higher saturation conductivity than before doping, the metallic 
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samples seem to return to their original conductance in about a day. Doping is thus not 
very effective for these materials, but on the other hand, they seem to be the most stable 
against accidental doping. 

As a conclusion, the two questions raised in the introduction can be answered as follows. 
If one chooses charge doping to increase the dc conductivity of carbon nanotubes, separation 
by type does not improve the results. Doped non-separated nanotubes can be best applied 
to substitute ITO for technological applications using visible light. Undoped nanotubes of 
metallic type show better conductance properties than either semiconducting or mixed ones, 
moreover, when doped, they recover their initial conductivity within less than 24 hours and 
are therefore much more stable against incidental doping, as already stated in Ref. 21. 

This work was supported by the "FINELUMEN" Project, FP7 Marie Curie Initial Train- 
ing Network, contract PITN-GA-2008-215399, and by the Hungarian National Research 
Fund (OTKA) under Grant No. 105691. 
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